Received: 17 March 2021

W) Check for updates

Accepted: 20 March 2021

DOI: 10.1002/mmce.22688

RESEARCH ARTICLE

INTERNATIONAL JOURNAL OF

RF AND MICROWAVE W LEY

COMPUTER-AIDED ENGINEERING

Design and analysis of variable attenuator with
simultaneous minimized flat amplitude error
and insertion phase variations

Girdhari Chaudhary' © |

!Division of Electronics and Information
Engineering, IT Convergence Research
Center, Jeonbuk National University,
Jeonju, South Korea

“Department of Frequency Spectrum
Management, Ministry of Posts and
Telecommunication, Phnom Penh,
Cambodia

Correspondence

Yongchae Jeong, Division of Electronics
and Information Engineering, IT
Convergence Research Center, Jeonbuk
National University, Jollabuk-do 54896,
South Korea.

Email: ycjeong@jbnu.ac.kr

Phirun Kim, Department of Frequency
Spectrum Management, Ministry of Posts
and Telecommunication, Phnom Penh,
Cambodia.

Email: phirun-kim@mptc.gov.kh

Funding information

This work was supported by Basic Science
Research Program through NRF funded
by Ministry of Education, Grant/Award
Number: 2019R1A6A1A09031717; This
work was supported by National Research
Foundation of Korea (NRF) grant funded
by the Korean government (MSIT), Grant/
Award Number: 2020R1A2C2012057

1 | INTRODUCTION

Phirun Kim?

| Yongchae Jeong'

Abstract

This paper presents a design of an analog variable attenuator with simulta-
neous minimized flat amplitude error and insertion phase variation over a
wide bandwidth and high attenuation range. The parasitic of PIN is compen-
sated with series transmission lines loaded and shunt capacitors to achieve
minimum flat amplitude error and insertion phase variation. Mechanism for
simultaneous reduction in flat amplitude error and phase variations is
obtained by developing an analytical design equation using the PIN diode
equivalent circuit model. For the experimental validation, two kinds of pro-
posed attenuators are designed and measured over 1 GHz bandwidth at a cen-
ter frequency (fy) of 3.5 GHz. The measurement results are consistent with the
simulation results. From the experiments, design-I provides an attenuation
variation of 0.9 dB to 20 dB with a maximum flat amplitude error of 0.65 dB
and insertion phase variation of 5.70° over 1 GHz bandwidth. Similarly, the
design-II provides an attenuation variation of 1.06 dB to 20 dB with a maxi-
mum amplitude error of 0.49 dB and insertion phase variation of 3.19° over
the same 1 GHz bandwidth.

KEYWORDS

analog attenuator, low amplitude error, low insertion phase variation, phased array, PIN diode,
wide bandwidth

are also used in measurement systems for gain control.
Variable-gain amplifiers (VGAs) also perform a gain control

Variable attenuators, which primary function is to provide
amplitude control for various applications, are key compo-
nents in wireless communication, radar, and measurement
systems."> Variable attenuators are widely used for self-
interference cancelation in in-band full-duplex, amplitude
weighting in T/R modules of wideband phased array anten-
nas, and beamforming systems.*® The variable attenuators

function similar as attenuators, however, they typically
exhibit limitations such as large amplitude variation, narrow
operating bandwidth, limited linearity, unidirectional opera-
tion and large power consumptions, and complex system
configurations as compared to attenuators.'®'! For phased
array beamforming networks, variable attenuators are placed
in series with a phase shifter, where insertion phase variation
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of attenuator and amplitude error must be as small as possi-
ble to quickly steer the lobes and nulls of antenna beams.

Variable attenuators are analog (continuous) and dig-
ital step attenuators based on the type of control voltage.
Digital attenuators can provide the 2V-1 attenuation level
with respect to reference mode by controlling N-bit control
voltage. Different configurations of digital attenuator are
presented in the literature, including distributed, switched-
path, and switched pi/T-type."*'® Digital attenuators have
relatively low insertion phase variations; however, these
attenuators still suffer from drawbacks of relatively high flat
amplitude error and potential limit of fine amplitude con-
trol in wideband applications because of the parasitic effect
of the MOS switch. Moreover, simultaneous minimization
of flat amplitude error and insertion phase variation of vari-
able attenuators are challenging.

In contrast to digital attenuators, analog attenuators
have continuous attenuation control with very fine
amplitude. With regards to analog attenuators, reflection-
type attenuators are widely used because of their excel-
lent return loss characteristics. In,'® the varactor-based
reflection-type attenuator is designed for 0.4 GHz band-
width at a center frequency (fy) of 2.5 GHz. However, the
parasitic effect of varactor diodes influences transmission
phase and insertion losses, which results in high inser-
tion phase variations and flat amplitude error with
respect to frequency. Similarly, a wideband reflection-
type attenuator is presented in** without providing flat
amplitude error and insertion phase variation. In,*"*
multi-layer graphene flakes are used for the variable
attenuator. The graphene resistance was controlled with
dc bias voltage and the current flowing. Although vari-
able attenuations are obtained over wideband, flat ampli-
tude error and insertion phase variations are high.

In recent years, there are some efforts to minimize the
insertion phase variation of analog attenuators. In,** a
reflection-type attenuator is presented by using PIN diode
terminated with the open-circuited transmission line (TL),
which provides low insertion phase variation only at the
single center frequency. Similarly, reflection-type and
transmission-type attenuators have been presented in*
without any results of the flat amplitude error and insertion
phase variations. In,? a variable attenuator is presented by
using TL terminated with a PIN diode, which provides low
insertion phase variation with high attenuation range only
at around center frequency. Similarly, three shunt PIN
diodes are used in a branch-line directional coupler for a
variable attenuator with a large circuit size.”” In,*>! sub-
strate integrated waveguide attenuators were presented.
Despite significant research in the field of analog/digital
attenuators, the previously presented works'®>! are mainly
focused on amplitude control rather than simultaneous
flat amplitude error and insertion phase variations

minimization, which are significantly essential for phased
array and beamforming systems in wireless communication
systems.

In this paper, we present in-depth and through investi-
gation of reflection-type variable attenuator with high atten-
uation variation and simultaneous minimized flat
amplitude error and insertion phase variation over the wide
bandwidth. By developing the analytical equations based on
the PIN diode equivalent circuit model, the mechanism of a
simultaneous reduction in amplitude and phase variation is
shown. The proposed attenuators achieved a high attenua-
tion range with very small flat amplitude error and low
phase variation by compensating the PIN diode parasitic
with transmission line and shunt capacitors.

2 | ANALYSIS AND DESIGN
METHOD

2.1 | Implementation of two-port
reflection-type circuit

Figure 1 shows the structure of the reflection-type analog
attenuator, which consists of a 3-dB hybrid, where
coupled and through ports are terminated with reflection
load (I'r). Assuming the coupled and through responses
of the hybrid coupler are S}/ and S);, respectively, the S-
parameters of the two-port reflection-type attenuator
with the two-reflection termination load (I';)** are
expressed as (1).

Su = 522 = |:(S§Il)2 + (SI;I)Z} FL = RHFL (1a)
So1 =S, =288 S¥ T =TTy, (1b)

The combined two-port reflection-type attenuator
exhibits perfect matching only if the hybrid coupler
exhibits the S-parameters such that |R”| = | (SZ)2+
(S2)*| =0 and |T¥ | = |28 S% | =1. However, practi-
cal hybrid coupler S-parameters vary with respect to fre-
quency. To address issue, the designer should choose a

3-dB 90° Hybrid

. Load
RFou ™ Network
I
Z 5 Load

."‘ ‘
st _'F Network
RF in Z() F L

FIGURE 1 General structure of reflection-type attenuator with

reflection load (I'y)
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wideband hybrid coupler with minimum magnitude and

phase imbalance between through and coupled port and

a high return loss of more than 20 dB over a wide operat-

ing band. Assuming an ideal hybrid coupler, the S-

parameter of the reflection-type attenuator can be simpli-
fied as (2).

or

[S]attnuator: |:FL OL:| (2)

As seen from (2), the insertion magnitude and phase

mainly depend on Iy, we will analyze the proposed

attenuator by deriving the I';.

2.2 | Design-I: Reflection-type attenuator
with single series transmission line and
shunt capacitor

Figure 2 shows the proposed structure of the design-I
reflection-type attenuator. The proposed structure con-
sists of a 3-dB hybrid, where coupled and through ports
are terminated reflection load. The reflection load (I';)
consists of TL with shunt capacitor (Cs) and PIN diode.
The characteristic impedance and electrical length of TL
are denoted by Z, and 6, respectively. The equivalent cir-
cuit of the PIN diode is also shown in Figure 2, which
consists of variable resistor R; along with parasitic series
inductor L, resistance R,, and junction capacitor Cj,33
Using the equivalent circuit model of the PIN diode, I'f
of the proposed attenuator is derived as (3).

_ Zin—Z() _ a3—Z0a5 +j((l4—Z()(){6)

= = . ;
Zin + Z(] a3 +Z0a5 +_]((l4 +Z0a6)

(3)

where

+ K,
1+47f°CIR?

L kel (4b)
ar» =@ _—_——
? T 1+4n2f2CR?

alst

RFout

FIGURE 2
reflection-type design-I attenuator using RFi,

Proposed structure of

PIN and its equivalent circuit
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a3 :Z1a1{1—ZEfC'Szltan(Gf/fo)} (4C)
o 73 :Zl(lz +Z%(1—27szSa2)tan(9f/f0) (4d)
as :Zl(1—2ﬂfCSa2)—aztan(Qf/fO) (46)

Qg :a1{27rf21C5+tan(0f/f0)}, (4f)

and f and f, are the operating frequency and center fre-
quency, respectively. Similarly, Z, = 50 Q is RF port ref-
erence impedance. From (3), the magnitude and phase of
reflection load are determined as (5).

‘FL| — \/((13—2()(15) + ((){4—20(16) (Sa)

((13 + ZO(ZS)Z + ((14 +Z0(16)2

=Ty =tan! (B72006) -1 (BH2000) )
a3 —2Zyas a3 + Zyas

The maximum attenuation is achieved when
Rj = (R))min & 50 Q since the RF signal is not transmitted
to load at isolation port. On the other hand, the RF signal
is completely transmitted to load when R; = (R))max &
Q because of the total reflection at I';. In this case, atten-
uation is 0 dB. The parasitic of PIN diode will influence
amplitude and insertion phase. Therefore, the flat ampli-
tude error and insertion phase variation will be degraded
if attenuation level is changed. To investigate this issue,
the flat amplitude error (A.,;) and relative phase varia-
tion (¢yar) of the proposed attenuator are defined as (6).

_ f:fo
min |FL|R; =(R), (Rj)mm)
(6a)

e LR

¢var=max(¢|Rj:(Rj)m &)~ Plr=(x) ) (6b)

ax | min max

Since |I'z| and ¢ are a function of Cs, Z;, and 6, the
proposed attenuator with simultaneous minimized A

PIN diode
equivalent circuit

21,0, IC’S "'

_:_Jj N’Tj 10 N
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FIGURE 3 Calculated maximum

amplitude error and insertion phase
variation of design-I attenuator with
different: (A) 8 and C; with fixed Z;, and
(B) Z; and C; with fixed 6. PIN diode
HSMP-4810 with parasitic elements:
Ry=3Q,L;=1nH, and C; = 0.35 pF. R; is
varied from 62 to 2000 Q for an attenuation
range of 20 to 0.8 dB
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and ¢y, can be implemented by selecting appropriate
values of Cs, Z;, and 6. Because of an analytical solution
difficulty, the MATLAB tool is used to analyze optimum
values of Cs, Z;, and 6 for minimum A, and ¢y,

Figure 3A shows the calculated A, and @yu,
according to Cy and 6. In these calculations, PIN diode
HSMP 4810 from Avago is used. The parasitic elements
of PIN diode provided by manufacture are given as
Ry =3Q, Ly = 1 nH and C; = 0.35 pF.>* With fixed Z,,
Agrr is minimum (< 0.25 dB) when 6 = 190° and C; = 90
fF, however, ¢, is around 9°. Similarly, ¢y,, is minimum
(< 4°) when 0 = 210° and Cy = 65 fF, however, A, is
0.85 dB. Therefore, a trade-off exists between A, and
¢var- Figure 3B shows the calculated maximum A.,, and
¢var of design-I attenuator according to C;, Z;and fixed 6.
The A, is minimum if Z; is around 47.8 Q, whereas ¢y,
is minimum if Z; is around 48.5 Q.

To validate the simultaneous minimization of ampli-
tude error and phase variation of the proposed design-I
attenuator, Figure 4 shows calculated |I';|, phase of I'j,
Aerr and ¢y, according to different R;. From the analysis,
the values of C;, Z;, and 6 are chosen by compromising
between minimum Ag,, and ¢y.,. The results showed that
attenuation is achieved between 0.6 dB to 20 dB with A,
of 0.7 dB and ¢y, of 4.6° within 1 GHz bandwidth at f;, of
3.5 GHz. As seen from the above analysis, the A, and
¢var cannot be minimized lower than 0.6 dB and 4°
simultaneously with single Cs and TL. To further

minimize A, and ¢y, we extended several shunt capac-
itors and series TL. The detailed description of the
design-II attenuator will be described in the next section.

2.3 | Design-II: Reflection type
attenuator with two series transmission
line and two shunt capacitors

Figure 5 shows the proposed structure of the design-II
attenuator, which consists of a 3-dB hybrid and reflection
load. The reflection load consists of two sections of TL
and shunt capacitor terminated with a PIN diode. The
characteristic impedance and electrical lengths of two
section TL are represented with Z;, 6, and 6,, respec-
tively. Similarly, two shunt capacitors are denoted with
Cs; and Cs,. Using the equivalent circuit of PIN diode,
the reflection coefficient I'; of load network is deter-
mined as (7).

_ k7 —Zoko + j(ks —Zok1o)
ks + Zoko + j(ks + Zok1o)’

(7)

L
where

k1 = RS (Sa)

TR E—
1+ 473 CJ.ZRJ?
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FIGURE 4 Calculated amplitude, insertion phase, amplitude error, and phase variation of design-I attenuator using PIN diode HSMP-

4810 of Avago with parasitic elements: Ry = 3 Q, Ly =1 nH, and C; = 0.35 pF

3-dB 90° Hybrid 7002 7.0, PIN diode
e & ’ - (@
@ ~ TCs TCsi i
Rfou | =17, r, A — :
% 1,0, 1,01 i
¢ (L
I Cs, Csi |
RFin % Zo FL l ; ;

PIN diode equivalent circuit

5 G|

EZI,BZ 71,0, Ly R,

FIGURE 5
PIN and its equivalent circuit

Proposed structure of design-II attenuator using

kr=o|L RiC; (8b
PO\ T T arpoR )
k3 :Z1k1{1—27rfCSlZ1tan(0]f/fO)} (SC)

k= Z1ky + Z2(1=2xfCq k) tan(6:f /f,)  (8d)
ks = 21 (1 2afCg, ka) — ka tan (6 /) (8e)
ke = k1 {27fZ, Cs1 + tan(0,f /fo)} (8f)
ky =ksZy—Z1 Zytan(60f /f ) (2nfCoks +ks)  (8g)
ks = Z1{ks + Z1kstan(0of /f,) — 22fZ, Cioks tan(6sf /) }
(8h)
ko = Z1 (ks — 27fC oy k) —katan(6of /f,) (8i)

kw = k3 tan(QZf/fO) +7Z; (2ﬂsz2k3 + kﬁ) (8_])

From (7), the magnitude and phase of reflection load
are determined as (9).

- \/(k7—Z0k9)2 + (ks — Zok1)* (on)

(k7 + Zoko)? + (ks + Zok1o)*

_1 (ks —Zokio _1 (ks +Zokio
=2 =t L2 <0710 —t i e 9b
¢=<I1=tan (k7—Z0k9) an <k7+Zok9> (9b)

Since the reflection load of the design-1I attenuator is
also a function of R; the maximum attenuation is
achieved when R; = (R)min = 50 Q since no RF signal is
reflected (|I'z|] = 0) from reflection load. On the other
hand, the RF signal is completely transmitted to load
when R; = (R)max & co Q because of the total reflection
('] = 1). In this case, attenuation is 0 dB. However,
amplitude and phase will be changed with frequency
because of parasitic R, Ls, and C;. The amplitude error
(Aerr) and phase variation (¢y,) are given by (6) by
replacing |I'z| and ¢ of design-I attenuator with || and
¢ of design-II attenuator as given in (7).

Since |I';| and ¢ of the design-II attenuator is a func-
tion of Z;, Cs1, Cs,, 61, and 0, (five degrees of freedom),
the simultaneous minimization of A., and ¢, can be
achieved by finding the optimum value of Z;, Cs;, Css, 01,
and 6,. Since finding an analytical solution of Z;, Cg,
Cs,, 61, and 6, for minimum A, and ¢, are difficult,
the MATLAB tool is used for analysis.

Figure 6A shows calculated the maximum Ay, and ¢y,
of design-II attenuator according to Cs; and Cg, with fixed
Z,, 61, and 6,. For these calculations, we use the equivalent
model of PIN diode HSMP-4810 from Avago with parasitic
elements of Ly = 1 nH, Ry = 3 Q and C; = 0.35 pF provided
by manufacture.® A, is minimum when Cs; = 0.28 pF
and Cs, = 0.14 pF. On the other hand, ¢, is minimum
when Cs; = 0.26 pF and Cs, = 0.12 pF. Figure 6B shows
calculated the maximum A, and ¢,,, according to 6; and
6, with fixed Cg;, Cs, and Z;. In this case, A is minimum
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Calculated maximum amplitude error and insertion phase variation of design-II attenuator with different: (A) Cs; and Cs,

with fixed 6y, 0,, and Z,, and (B) 6, and 6, with fixed Z;, Cs;, and Cs,. PIN diode HSMP-4810 of Avago with parasitic element R, = 3 Q,
L, =1nH, and C; = 0.35 pF. R; is varied from 2000 to 62 Q for an attenuation range of 0.8 dB to 20 dB
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FIGURE 7 Calculated maximum amplitude error and insertion

phase variation of design-I attenuator with different 8; and Z; and
fixed 6,, Cs;, and Cs,. PIN diode HSMP-4810 with parasitic elements:
Ry=3Q,L;=1nH, and C; = 0.35 pF. R; is varied from 2000 to 62 Q
for an attenuation range of 0.8 dB to 20 dB

when 6; = 44° and 6, = 132°, however, ¢y, is high. Simi-
larly, ¢y, is minimum when 6, = 32° and 9, = 118°, how-
ever, A, is higher than 0.5 dB.

Figure 7 shows the shows calculated maximum Ag,,
and ¢y, according to 6, and Z; with fixed Cs;, Cs,, and
0,. In this case, A, is minimum when Z; = 48 Q and
0, = 28° whereas ¢,,, is minimum when Z; = 47.5 Q
and 6; = 36°. Based on results shown in Figures 6 and 7,
the optimum values of Z;, Cs;, Cs,, 61, and 6, for simulta-
neous minimized A, and ¢,,, should be chosen by con-
sidering a trade-off between them. By trade-off between
Aerr (< 0.5dB) and ¢hya (< 2°), the optimum circuit
parameters of design-1I are determined as Cs; = 0.25 pF,
Cs, =0.12 pF, Z; =47.5 Q, 0, = 36.3°, and 6, = 122°.

Figure 8 shows the calculated |I'z|, 2L, Aerr, and ¢y
of design-II attenuator according to R;. The attenuation is
achieved between 0.5 to 20 dB by varying R; = 2000 to
51.8 Q. Similarly, maximum A, and ¢y, is less than
0.45 dB and 1.80°, respectively.

Figure 9 shows the calculated A, and ¢,,, according
to operating bandwidth (BW) of design-I and design-II

attenuator. The maximum flat amplitude error and rela-
tive phase variation are increased with an increase of
BW. So, trade-off exhibits among operating BW, ampli-
tude error, and insertion phase variation.

Figure 10A shows the flat A, and ¢y, of attenua-
tor with and without phase/amplitude compensation
technique. The flat amplitude error and phase varia-
tion are high if we do not adopt the compensation tech-
nique. On other hand, the proposed attenuators, which
adopt the simultaneous amplitude error and phase var-
iation compensation technique using series TL and
shunt capacitor, provides the very low amplitude error
and phase variation. Figure 10B shows the design flow
diagram of the proposed attenuators. Based on the
above analysis of the proposed attenuators (design-I
and design-II), the calculation method of optimum cir-
cuits for simultaneous minimized amplitude error and
phase variation is summarized as follows:

a. Define center frequency f,, bandwidth (BW), required
flat amplitude error (AX%?), and insertion phase varia-
tion (¢R9).

Obtain PIN diode parasitic elements R, L, and C; pro-

vided manufacture. These values are generally given

in the datasheet of the PIN diode.

c. Once parasitic elements of PIN diode are obtained,
select initial values of Z;, 0, and Cjy in case of design-I
and Zi, 0y, 6,, Cs;, and Cs, in case of design-II. For
initial circuit parameters selection, refer to Figure 3 in
case of design-I and Figures 6, 7 in case of design-II.

. By varying the value of R; from (Rj)max t0 (Rj)min, cal-
culate flat amplitude error (AS!) and insertion phase
variation ( 331) using (5) and (6) in case design-I and

using (9) and (6) in case of design-II.

e. Compare calculated amplitude error and phase varia-

tion with the required values. If A% < AR and ¢& <

err err
qufjf, then Z;, 0, and Cs are optimum values in the
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FIGURE 8 Calculated amplitude, insertion phase, amplitude error and phase variation of design-II attenuator using PIN diode HSMP-
4810 of Avago with parasitic elements: Ry = 3 Q, Ly = 1 nH, and C; = 0.35 pF
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FIGURE 9 Calculated maximum amplitude error and insertion phase variation of the proposed attenuators with different bandwidths:
(A) design-I and (B) design-II. PIN diode HSMP-4810 of Avago with parasitic elements: Ry = 3 Q, Ly = 1 nH, and C; = 0.35 pF
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case of design-I and Z;, 64, 6,, Cs;, and Cs, are opti-
mum values in case of design of design-II.

f. If conditions (A%< AR and ¢l < pRe) are not satis-
fied, then adjust the values of Z;, Z;, 6, and Cg in case
of design-1 and Z,, 6,, 6,, Cs;, and Cs, in case of
design-I1, and repeat process (d) and (e).

g. After obtaining optimum circuit parameters, fabricate
the circuit with a given PCB substrate and perform
the measurement.

3-dB 90°
Hybrid

+  DCblock

DC block
238 mm capacitor

capacitor

2.05 mm
—

Vae

(A) (B)

FIGURE 11 (A) Layout and (B) photograph of fabricated
design-I reflection type attenuator

3 | EXPERIMENTAL RESULTS

For experimental verification, prototypes of the proposed
attenuators (design-I and design-II) are designed and fab-
ricated at f, of 3.5 GHz. The substrate RT/Duroid 5880
with a dielectric constant (¢,) of 2.2 and thickness (h)
of 0.787 mm was used. Avago surface mount RF PIN
diode HSMP-4810** and ANAREN hybrid coupler
X3C35F1-03S were used.**

3.1 | Design-I: Reflection-type attenuator
with single series TL and shunt capacitor

The goal of the design-I attenuator is to achieve simulta-
neous Aerr and ¢y,, less than 0.7 dB and 5°, respectively,
for 0.8 to 20dB attenuation range and 1 GHz BW.
According to design goal, the optimum circuit parameters
are determined as Z; = 48.1Q, Cs = 0.1 pF, and
6, = 208°. Figure 11 shows a layout and a photograph of
the design-I fabricated attenuator. The overall size of the
fabricated circuit is 56 mm X 28.36 mm.

Figure 12 depicts the simulation and measurement
results of a design-I attenuator. As shown in Figure 12A,
the attenuation is flat and varies from 0.9 to 20 dB within
1 GHz BW. The input return loss is better than 13 dB, as
shown in Figure 12B. The measured return loss is slightly
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FIGURE 12 Simulation and measure results of the design-I reflection type attenuator: (A) magnitude of S,;, (B) input/output return

loss, and (b) measured amplitude error and insertion phase variation



CHAUDHARY ET AL.

INTERNATIONAL JOURNAL OF

RF AND MICROWAVE__\W/ [ LEY_L_2°13

degraded as compared to the simulation due to non-ideal
capacitors. The measured maximum A, and ¢, are
0.65 dB and 5.7° for an attenuation range of 0.9 to 20 dB
within 1 GHz BW, as shown in Figure 12C. The mea-
sured results of design-I attenuator is summarized in
Table 1.

3-dB 90°
Hybrid

i

*  DC block
2.38 mm capacitor

DC block
capacitor

(B)

FIGURE 13 (A) Layout and (B) photograph of fabricated
design-II reflection type attenuator

Vv —-Solid line: Meas - -

0V - - Dotted line: Sim
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3.2 | Design-II: Reflection-type
attenuator with two series TLs and shunt
capacitor

The goal of the design-II attenuator is to achieve A,
and ¢y,, less than 0.5 dB and 3°, respectively, for 0.8
to 20 dB attenuation range and 1 GHz BW. For this
purpose, the circuit parameters of design-II attenuator
are given as Z; = 47.6 Q, 6, 36°, 0, = 122°,
Cs; = 0.25 pF and Cs, = 0.12 pF. Figure 13 shows the
layout and photograph of the fabricated attenuator.
The overall size of the fabricated circuit is
54 mm X 28.36 mm.

Figure 14 shows that the measurement and simula-
tion results. As shown in Figure 14A, the attenuation var-
ies from 1.06 dB to 20 dB at f, and almost flat over the
1 GHz bandwidth. The input return loss is better than
17.3 dB, as shown in Figure 14B. The maximum A, and
¢var are 0.49 dB and 3.19°, respectively, as shown in
Figure 14C. The measured A, and ¢y, of the design-II
attenuator is smaller than design-I because more degree
of freedom to simultaneous minimization of flat ampli-
tude error and phase variation as compared to design I.
The measured results of design-II attenuator is summa-
rized in Table 2.
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FIGURE 14 Simulated and measured performance of the proposed variable attenuator II: (A) attenuation, (B) return loss, and (C) flat

amplitude error and insertion phase variation



10 of 13 WI LEY—

Attenuation (dB)
0.9

4

7

10

13

16

18

20

Attenuation (dB)
1.06

4

7

10

13

16

18

20

Vdc (V)

0
0.591
0.627
0.645
0.658
0.666
0.67
0.674

Vdc (V)

0.582
0.622
0.642
0.655
0.662
0.666
0.670

(NSNS I SR SR SR

[\SIEE SR SRR SR SR

INTERNATIONAL JOURNAL OF

RF AND MICROWAVE

CHAUDHARY ET AL.

COMPUTER-AIDED ENGINEERING

DC current (mA)

DC current (mA)

TABLE 3 Performance comparison with state-of-the-art

Freq
References (GHz)
14 50 ~ 110
15 04 ~ 3.7
16 DC ~20
17 37 ~ 40
18 DC ~ 18*
19 23~ 27
20 28~ 4.2
24 1.855
25 9.1~9.6
26 211 ~ 217
27 13~26
29 7.29 ~ 14.90

This work! 3~ 4
This work™ 3 ~4

Type
Digital
Digital
6-bit digital
5-bit digital
6-bit digital
Analog
Analog
Analog
Analog
Analog
Analog
Analog
Analog
Analog

Technology
CMOS

CMOS

CMOS

CMOS

CMOS
Microstrip line
Microstrip line
Microstrip line
Microstrip line
Microstrip line
Microstrip line
SIW
Microstrip line

Microstrip line

Aerr (dB)
0.12
0.15
0.22
0.31
0.43
0.54
0.63
0.78

Aerr (dB)
0.30
0.20
0.14
0.15
0.16
0.22
0.33
0.49

Pvar (Deg)

0.12
0.54
0.97
1.59
2.45
3.62
4.52
5.76

Pvar (Deg)

0

0.33
0.65
0.88
1.22
1.94
2.53
3.19

Attenuation A,

range (dB)
5~15
2.1~ 33
0.5~ 31
1~31
21~ 31
1.6 ~ 38
22~17
0.5 ~ 30
2.5~ 28
1~ 30
0.7 ~ 23
2.5~ 6.5
0.9 ~ 20
1.06 ~ 20

(dB)
15
3
1.8
0.8
0.90
10
NA
NA
NA
0.8
5

1
0.65
0.49

Ovar
(Deg)

11
65
16
12
11
NA
NA
3
NA
3
NA
NA
5.70
3.19

TABLE 1

design-I attenuator

TABLE 2

design-II attenuator

Return
loss (dB)

>15
>9
>12
>12
>11
>9.8
NA
>17
>90.8
>15
NA
NA
>13
>17.3

FBW
(%)
75
160
200
7.79
200
16
40
NA
5.35
2.80
66.6
68.5
28.6
28.6

DC power

(mW)
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
1.348
1.340

Measurement results of

Measurement results of

FOM
45.45
25.35
211.80
24.35
590
NA
NA
NA
NA

35

NA
NA
154.38
365.93

Note: A¢r: Maximum flat attenuation amplitude error. *: Simulated results, NA: No data. ¢,,,: Maximum relative insertion phase variation between minimum

and maximum attenuation.

Attenuators should provide a high attenuation range with
low flat amplitude error (A¢,) and low insertion phase varia-
tion (¢hyar) within wide bandwidth. Therefore, to compare the

overall performances with those of the state-of-the-art wide-
band attenuators, the figure of merit (FoM) is defined as
(10) in terms of A, ¢y, attenuation range, and FBW.
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FBW X A dB
g = FBW%) X Arige (dB) o
Pvar (deg) X Aepr (dB)
where
Arange = Maximum attenuation (dB) - (10b)

Minimum attenuation (dB)

As seen from (10), the FoM is inversely proportional to the
¢var and Agy, Thus, the small A, and ¢y, must be
guaranteed within the operating bandwidth for high FoM.

The performance comparison of the proposed variable
attenuators with previously reported attenuators is
shown in Table 3. As seen from the table, the CMOS digi-
tal attenuators have excellent performances in terms of
bandwidth, however, their fabrication cost is excessive.
Besides, the proposed attenuators provide the low ampli-
tude and phase variation over the wide bandwidth among
the previously reported analog attenuators.

4 | CONCLUSION

Wideband reflection-type analog variable attenuators
with simultaneous minimized flat amplitude error and
insertion phase variation are theoretically analyzed
and experimentally demonstrated using PIN diode.
The parasitic components of the PIN diode, which are
the main cause of degrading amplitude error and
insertion phase variation, are compensated with one
or two-stage series transmission lines and shunt capac-
itors. For experimental validation, two prototypes of
the proposed analog attenuators (design-I and design-
IT) are designed and fabricated for 1 GHz bandwidth
at a center frequency of 3.5 GHz. The proposed attenu-
ators provide very small amplitude error and phase
variation among the state-of-arts analog attenuators.
Although digital attenuators in CMOS and MMIC
technology can provide flat attenuation with small
amplitude error and phase variation in microwave and
millimeter frequency ranges, their design time and
fabrication cost are excessive. Further, CMOS or
MMIC attenuator designs for the UHF band or rela-
tively low-frequency bands are almost impossible due
to the relatively huge size and fabrication cost. The
proposed circuit will be very advantageous in many
applications such as next-generation communication
systems, MIMO antenna systems, and accurate RF sig-
nal control systems.
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